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R1008multinucleate/multi-flagellate cells
during S. rosetta mating suggests
that these forms are early
intermediates representing
fused gametes that have not yet
undergone karyogamy (nuclear fusion).
Because mononucleate diploid
strains emerge from these crosses,
the bi- and multi-nucleate cells must
eventually resolve themselves or be
discarded. How these putative
intermediate events of the sexual cycle
progress to later stages remains to be
investigated.
Nutritional Control of the Sexual Cycle
An exciting result of this study [7] was
the authors’ ability to manipulate the
sexual cycle of S. rosetta through
nutritional shifts of growth media
(Figure 1). The nutrient control of the
sexual cycle is reminiscent of that in
other unicellular species such as the
alga Chlamydomonas reinhardtii,
where nitrogen deprivation triggers
gametogenesis and mating [15]. In the
case of S. rosetta it is unclear which
nutrient(s) might be involved, as the key
differences between rich and poor
media from this study were not
elucidated. Also, unlike either yeasts
or algae, there appears to be no
spore-like resting stage for either the
haploid or diploid phase of the
S. rosetta life cycle (Figure 1).
Curiously, the media shift that
worked to induce sex for one of the
S. rosetta isolates did not work with
the other isolates even though all
were derived from a common parental
clone. This heterogeneity is puzzling
and raises the question of whether
there is some genetic or epigenetic
variability in sexual response to
nutrients in the different isolates.
Alternatively, the nutrients might have
acted indirectly on the eukaryotic
sexual cycle by influencing the
prokaryotic bacterial constituents also
present in the cultures, which then
released chemical signals that induced
mating of S. rosetta. This latter
possibility is consistent with previous
findings of bacterial chemical signals
influencing colony formation in
S. rosetta [16] and might also explain
why different clonal isolates responded
differently to nutrients, as their
associated bacteria may not be
identical.
The discovery of an extant sexual
cycle is a necessary and important first
step. The next steps should include
analysis of the molecular basis for sexdetermination and gametogenesis,
whether organelle genomes are
inherited uni- or bi-parentally, and the
relative impact of outcrossing versus
selfing. This discovery also opens the
door to exploiting the sexual cycle in
the experimental analysis of S. rosetta,
applying both haploid (in gametes of
selfed diploids) and diploid genetics
and the power of crosses, screens, and
selections. This species may emerge
as a model, both for the sexual nature
of choanoflagellates and other
pre-metazoans, as well as for the
evolution of metazoan multicellularity.
This study also illustrates the value of
tenacious laboratory efforts to define
extant sexual cycles when curiosity has
been fueled by suggestive evidence of
sex based on genomics and population
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SituationCadherins, the principal cell adhesion molecules in animal tissues, come in
clusters. A combination of super-resolution microscopy and modeling now
reveals the sizes of these clusters and gives clues to how they are assembled.Deborah Leckband
You might think that the assembly of
cohesive junctions between cells intissues would be as simple as zipping
up your jacket, but cadherins do it
differently. Instead of distributing
uniformly throughout cell-to-cell
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Figure 1. Cadherin clustering at intercellular junctions.
Three possible mechanisms could control cadherin cluster (red) size, including precise size
control (A), protein–protein interactions promote lateral clustering on the membrane (B), or
kinetic balancing between cluster fusion and cluster fission (C). Each of these scenarios would
predict a distribution of the concentration of clusters with n cadherins, cn versus the number of
cadherins per cluster, as indicated below each of the illustrated hypothetical cluster patterns.
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R1009contacts like molecular Velcro,
cadherins organize into distinct
clusters at intercellular junctions. This
organization appears to be ubiquitous,
yet the organizing mechanism(s) has
eluded investigators for years. A new
study by Truong Quang et al. [1],
published in this issue of Current
Biology, used theory and super
resolution imaging to obtain
compelling evidence that the cluster
sizes are determined by a kinetic
competition between cluster fusion
and fission that is fine-tuned by
size selective endocytosis and
actin-modulated cluster fission rates.
Cadherins are crucial adhesive
proteins at cell–cell junctions in all soft
tissues. They are transmembrane
proteins that formcohesive junctionsby
binding to cadherins on the surface of
adjacent cells. Their cytoplasmic
domains also interactwith actin binding
proteins to further reinforce and
stabilize intercellular adhesions. Apart
from keeping cells together,
the distribution of cohesive forces is
postulated to control cell segregation,
cell shape, tissue barrier integrity, cell
movements and tissue organization [2].
Uniformly distributed proteins within
these junctions could accomplishmany
of these functions, but cadherins
organize into distinct clusters, which
appearaspunctate regionsat junctions.
These clusters are observed both at
sites of homophilic adhesion between
cells and at the basal surface of cells
adhered to cadherin-coated substrata
[3,4]. Punctatecadherin structureswere
also observed by electron microscopy
andhigh-resolution images of adherens
junctions in epithelial cells [5],
and at intercellular junctions in both
Drosophila melanogaster and zebrafish
embryos [6,7]. These lateral clusters
appear to require adhesion to cadherin
ligands on adjacent cells [4] as well as
an organized cytoskeleton [8]. As such,
their formation was thought to
contribute to ligation-dependent
adhesion strengthening between
cells [4].
An intriguing feature of cadherin
clusters is that their sizes appear to be
limited, in ways that are not merely due
to E-cadherin surface abundance. This
feature argues for active size control.
What then controls cadherin clustering,
and what regulates the sizes of these
clusters? In their recent study, Truong
Quang et al. [1] appear to have solved
a major piece of this puzzle. Physicists
have studied particle aggregation(clustering) for decades [9], and in this
study, biology and physics joined
forces to test different proposed
mechanisms thought to control the
assembly and size distributions of
cadherin clusters in living organisms.
An important advance was their use
of super resolution three-dimensional
imaging to characterize cadherin
clusters on cells inDrosophila embryos
at different stages of morphogenesis,
with nanoscale resolution. They then
used principles of particle aggregation
dynamics [9] to model the steady state
size distributions, in order to test
different postulated mechanisms
controlling the clusters.
Three possible mechanisms of
cadherin clustering were considered:
cadherin aggregate sizes are precisely
controlled by architectural elements
in the cell, adhesive and lateral
protein–protein interactions drive
clustering, or cadherin clustering
results from the steady-state balancing
of competing cluster aggregation
(fusion) and disaggregation (fission).
Importantly, each of these scenarios
predicts a distinct size distribution
that depends on the nature of theunderlying assembly mechanism
(Figure 1). The cluster distribution
could therefore be used as a diagnostic
test to distinguish different assembly
mechanisms.
In order to test whether cadherin
clustering conforms to any of the
possible, model-dependent size
distributions, these authors needed
to first characterize the clusters. They
did this by determining the number
of cadherins in each cluster (n) and
the concentration of clusters with
n cadherins per cluster (cn). The cluster
size distributions are obtained from
plots of cn versus n. Before the advent
of super resolution imaging, such
detailed analysis had not been
possible, because conventional
microscopy lacked sufficient
resolution. Here, photoactivation
localized microscopy (PALM) imaging
of Eos-FP-tagged E-cadherin at
cell–cell junctions in Drosophila
embryos enabled nanoscale
determinations of the numbers and
sizes of clusters, as well as the number
of cadherin molecules in each cluster.
Surprisingly, this analysis revealed
a wide range of cluster sizes
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because it immediately ruled out a
precise size control mechanism,
which would predict a uniform cluster
population (Figure 1A). It also ruled
out passive clustering solely through
protein–protein interactions
(Figure 1B). In the case of passive
clustering driven by cadherin–cadherin
interactions, as suggested by some
in vitro models [10,11], the size
distribution would change with time,
like oil droplets in oil and water
emulsions. The initial cluster
distribution would contain small
droplets (clusters). Over time, the
droplets fuse and molecules also
diffuse from the smaller to the larger
droplets. In this ‘coarsening’ process,
which has been investigated
extensively by physical scientists, large
clusters grow at the expense of smaller
ones, resulting in large and small
droplets/clusters with few intermediate
sized clusters (Figure 1B). The
appearance of a broad range of cluster
sizes, regardless of the E-cadherin
surface levels or developmental stage,
rules out a purely passive clustering
process driven solely by
protein–protein interactions.
Importantly, Truong Quang et al. [1]
found that the clusters follow a power
law distribution (Figure 1C), which
could be characterized by just two
parameters: a scaling exponent
a and a size cutoff n* above which
cn decreases with increasing n. This
simple two-parameter characterization
was preserved both in early and late
stage embryos, as well as for different
E-cadherin surface densities,
suggesting that a general mechanism
controls clustering. A major focus of
the present work was to then identify
biochemical processes underlying
these two parameters. Guided by
models of particle aggregation
dynamics [9], the authors developed
a kinetic model of cadherin clustering
based on passive cluster fusion and
fission. Their model also predicted
a power law cluster distribution,
and suggested that similar processes
might control cadherin clustering.
Because kinetic models do not
predict a size cutoff n*, the abrupt
drop in the numbers of large clusters
suggested that an additional
biochemical removal process, such
as endocytosis, was defining the
upper size limit. Indeed, altering
dynamin-dependent endocytosis
by different methods increased thesize cutoff n*. This result indicated
that size-selective endocytotic
machinery regulates the upper limit
of cluster sizes. Interestingly,
perturbing endocytosis affected n*
but not the power law exponent a.
Thus, the processes controlling the
size cutoff and the power-law
exponent are independent. The
next challenge was to determine
whether the scaling exponent a is
due to a kinetic competition between
cluster aggregation (fusion) and
disaggregation (fission). The power law
exponent predicted by a kinetic model
that included only passive fusion and
fission was –1.5, but the experimentally
measured values were less than –1.5,
which argued for active regulation.
What might such active regulation
look like? Cytoskeletal involvement
was a likely candidate because it is
well known that cadherin clustering
involves cytoskeletal regulatory
proteins such as non-muscle myosin II
[12] and Ena/VASP proteins [13], as
well as association with the actin
cytoskeleton [8]. Reasoning that actin
might regulate cluster fission, rather
than cluster fusion, the authors
depleted a-catenin, which is required
for mechanical coupling between
cadherin and actin [14]. This treatment
increased the density of smaller
clusters, and correspondingly
decreased the scaling exponent a.
Comparison of the results with the
kinetic model suggested that actin
influences the cluster size distribution,
by stabilizing smaller clusters against
fission. In this case, fission rates are
size selective, such that the break-up
of smaller clusters is less efficient.
Finally, noting that there are more
clusters in the apical region, Truong
Quang et al. [1] sought to identify
the positional landmark responsible
for the spatial control of clustering.
PAR3 — one of a class of proteins that
controls apical-basal polarity — is
found at cell–cell junctionswhere it also
co-localizes with E-cadherin [15].
Inhibiting PAR3 expression reduced
E-cadherin expression, but the
value of a was remarkably similar
to that determined with a-catenin
depleted cells. This similarity
suggested that PAR3 may spatially
regulate E-cadherin clustering through
an actin-dependent mechanism.
The findings of Truong Quang
et al. [1] reveal how physics and
biochemistry cooperate to control
cadherin clustering at cell–cellcontacts. Importantly, the integration
of both nanoscale imaging and
theory were critical for identifying
the underlying mechanisms. Several
questions now remain. The putative
lateral interactions between cadherin
molecules on the same cell [10] and
the juxtamembrane region of the
cytoplasmic domain [4] were both
implicated in clustering, but these
investigations did not address the
role of specific cadherin segments in
cluster nucleation and fusion. More
broadly, this study did not address
how the cluster distributions alter
intercellular adhesion or how
heterogeneous cluster sizes might
influence cell mechanics. However,
the identification of causal
relationships between cadherin
clusters and functional outcomes
first requires correctly characterizing
the clusters and identifying what
controls their assembly. As such,
the stage is now set to address the
broader biological consequences
of these findings.References
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Wingless Bees?New phylogenomic analyses suggest that ants and Apoidea (hunting wasps
and bees) are more closely related than we had previously believed.Bryan N. Danforth
Wasps, bees, and ants — the stinging
Hymenoptera — are an extraordinarily
important group for understanding
the evolutionary history of eusociality,
its origins and its loss.
Eusociality — typically defined by the
combination of overlapping
generations, cooperative brood care,
and reproductive division of labor — is
a remarkable evolutionary innovation.
Some individuals, the workers, forego
their own direct reproduction to serve
as nurses, guards, foragers and
caretakers for the offspring of a single
reproductive individual, the queen.
Eusociality in Hymenoptera is
restricted to stinging wasps, ants and
bees, the groups referred to as
‘Aculeata’. Eusocial taxa in Aculeata
include the ants (Formicidae [1]),
vespid wasps (Stenogastrinae,
Vespinae and Polistinae [2]), certain
bee groups (Allodapini, Halictinae, and
corbiculate Apidae [3]), and
Microstigmus wasps (Crabronidae:
Pemphredoninae [4]). A significant
amount of work has focused on
understanding phylogenetic
relationships within these diverse
eusocial lineages [3,5–9] because
phylogenies provide an essential
framework for inferring the evolutionary
history of eusociality. A recent study in
Current Biology by Johnson et al. [10],
based on a massive data set of
transcriptomes and whole genomes,
provides some remarkable new
insights into the relationships among
the major branches of the aculeate tree
of life, and thus sheds light on theevolutionary history of eusociality in the
group as a whole.
Before molecular data were used to
derive phylogenetic tress for wasps,
bees and ants — i.e. before the early
1990s— the predominant view was that
eusociality in Hymenoptera had arisen
frequently (i.e., tens to hundreds of
times) across Aculeata. However,
subsequent molecular phylogenetic
studies have suggested a contrary view:
eusociality has arisen rarely in bees and
wasps, but reversals from eusociality
back to solitary nesting are
common— rather than frequent origins
explaining the diversity of social
behavior, frequent losses of eusociality
(or reversals to solitary nesting) provide
much of the variation in sociality among
closely related taxa. Eusociality has
been repeatedly lost in clades of
ancestrally eusocial halictine bees [9],
and reversals appear to be associated
with species and populations at high
elevations or latitudes [7]. Recent
studies of tribal relationships in the
largely social Xylocopinae (carpenter
and allodapine bees) [11] have also
supported the hypothesis of a reversal
to solitary nesting in one of the four
xylocopine tribes: Manueliini. And
recent molecular studies of corbiculate
bees (honey bees and their relatives)
have indicated that the weakly social
orchid bees are likely derived from a
primitively eusocial ancestor [12]. While
phylogenetic studies have primarily
been carried out on eusocial groups,
such as Vespidae, Xylocopinae,
Halictinae, and corbiculate Apidae, few
studies have tackled the higher-level
relationships among themajor clades ofAculeata, and these studies have been
based on a relatively small number of
‘standard’phylogeneticmarkers [13,14].
No previous studies have attempted to
analyze aculeate relationships based on
much larger transcriptomic or genomic
level data sets.
Phylogenomics — the application
of large-scale (transcriptomic or
genomic) data sets to phylogeny
reconstruction — has the potential to
revolutionize the way we do
phylogenetic studies. Rather than
analyze a small set of previously
defined genes, high-throughput
sequencing methods allow for more
expansive coverage of mitochondrial
genomes, expressed genes, conserved
regions of whole genomes, and whole
genomes [15–19]. Phylogenomic
studies can be based on hundreds to
thousands of genes. While these
methods have enormous potential for
phylogenetic analysis, they also pose
some serious challenges. Assembly
and annotation of non-model genomes
can be difficult. Determining which
genes are true orthologues when
conducting multiple alignments in
non-model organisms can also
introduce problems in downstream
analysis. Finally, such methods tend to
put substantial limits on taxon
sampling, which we know is key to
accurate phylogenetic resolution.
Johnson and co-authors [10] apply
combined genomic and transcriptomic
data to the higher-level phylogeny of
Aculeata. Their data set is derived from
previously published genomes of three
bee and three ant species, plus de novo
transcriptome data for ten additional
taxa spanning nine aculeate wasp
families. The published genome of the
parasitic wasp Nasonia vitripennis was
used as an outgroup. Based on
bioinformatic analysis of the
transcriptome and genome data, they
obtained multiple partitioned amino
acid matrices ranging from 300 genes
